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We show that a superstructure of antiferromagnetically interacting Fe3+ (S = 5/2) ions in double
perovskites AFe1/2M1/2O3 exhibits a ferrimagnetic ordering below Tfe ≈ 5.6J1 (J1/kB ∼ 50 K),
which is close to room temperature. Small clusters of the same structure exhibit a superparamagnetic
behavior at T . Tfe. The possibility of formation of such clusters explains the room-temperature
(superpara)magnetism in 3d-metal based oxides.
PACS numbers: 75.10.-b, 75.20.-g, 75.50.Gg, 75.50.Lk, 75.85.+t
I. INTRODUCTION
An experimental quest to find a room-temperature
multiferroic with high magnetoelectric coupling is stim-
ulated by wide prospects they open for applications in
the field of information and energy-saving technologies.
They may form the basis for a fabrication of novel func-
tional devices: highly sensitive magnetic sensors, ca-
pacitance electromagnets, elements of magnetic memory
switched by electric field, nonreciprocal microwave filters,
and others.1,2 Spintronics, an emerging branch of micro-
and nanoelectronics which manipulates the electron spin
rather than its charge, has need for a room-temperature
ferromagnetic semiconductor.3
The rich family of Fe-based double perovskites
AFe1/2M1/2O3=A2FeMO6 (with non-magnetic ions
A=Pb,Ca,Sr,Ba, and M=Nb,Ta,Sb) is in the focus of
the studies as it includes PbFe1/2Nb1/2O3(PFN) and
PbFe1/2Ta1/2O3 (PFT) systems, where the multiferroic-
ity was reported more then fifty years ago.4,5
In AFe1/2M1/2O3 compositions, Fe
3+ and M5+ cation
positions may be ordered or disordered within simple cu-
bic B-sublattice of perovskite structure ABO3. The de-
gree of chemical ordering depends on the strength of elec-
trostatic and elastic energies and, in particular, on the
ionic radii of these cations. It is commonly accepted that
PFN and PFT are chemically disordered compounds due
to almost equal ionic radii of Fe3+ and Nb5+ or Ta5+,6
while Sb-contained compounds can be chemically ordered
up to 90% because Sb5+ is much larger than Fe3+.7 Mag-
netism of the compositions is due to Fe3+, S = 5/2 ions
that occupy half of octahedral sites of the perovskite lat-
tice. The magnetic moments of the Fe3+ ions interact
via various superexchange paths,
Hˆ =
1
2
∑
R,r
JrSˆRSˆR+r. (1)
The disorder prevents an experimental access to the val-
ues of the interactions. In a recent publication, some of
us have argued that the largest superexchange values are
the nearest-neighbor (NN) Fe-Fe interaction (Fe ions are
separated by the edge of perovskite unit cell and inter-
act via the shortest Fe-O-Fe path) J1 ∼ 50 − 70 K and
the next-nearest-neighbor interaction (Fe ions are sep-
arated by the face diagonal of the cell) J2 ' 0.04J1.8
The interaction values J1, J2 are similar to the values in
orthoferrite RFeO3 (R=Y or a rare earth)
9–13 and bis-
muth ferrite BiFeO3
14 compounds. Note that both ex-
change couplings have antiferromagnetic sign. We thus
have two substantially different magnetic energy scales:
S(S+ 1)J1 = 8.75J1, which corresponds to temperatures
of several hundred Kelvins, and S(S + 1)J2/kB ∼ 20 K.
Note that many of Fe-based double perovskites have an
antiferromagnetic phase transition in the latter temper-
ature range.15–20 It means that the probability to find
a pair of Fe ions separated by the face diagonal of the
perovskite cell is much higher than to find a nearest-
neighbor Fe pair that is caused by partial chemical or-
dering of cations. Two multiferroic compounds, PFN
and PFT, exhibit a magnetic transition at TN ∼ 150 K.
This means that the probability to find a pair of NN Fe
ions is enhanced in these compounds. But it leads to the
increase of the temperature, at which the antiferromag-
netic order is established.21–23 For instance, in the more
concentrated compound PbFe2/3W1/3O3 it increases up
to 380 K.24
Recent reports on room-temperature multiferroicity of
PFT/lead zirconate titanate (PZT)25,26 and PFN/PZT27
and [Pb(Fe2/3W1/3)O3]/PZT
28 solid solution systems
are a real challenge for the solid state theory. One of the
questions is the nature of large room-temperature mag-
netic response of the systems (non-linear magnetization
curves and hysteresis loops) that imply the existence of
Fe spins alignment in a part of the sample with uncom-
pensated magnetic moment. On the qualitative level, it
was suggested that the clustering of Fe ions is responsi-
ble for the appearence of the uncompensated magnetic
moment.25–29 We should mention that the clustering of
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FIG. 1. (Color online) a: Inverse subsceptibility χ−1 for a periodic arrangement of PFB2 chemical order with two inequivalent
S = 5/2 Fe3+ ion positions (red solid line - [4,4] Pade´ approximant of the 8th order HTE series). The susceptibility exeeds
the Curie-Weiss (CW) asymptotic (green dashed line) and diverges at Tfe ≈ 0.640J1S(S + 1) (shown by the vertical line)
corresponding to a transition into a ferrimagnetic phase. The black thin solid line shows the susceptibility of 1:1 ordered
PFB0 configuration, where Fe spins interact with J2 = 0.05J1. Inset: Unit cell of the PFB2 chemical ordering, only Fe
(open circles) and M (filled circles) cations are shown. Fe1(Fe2) positions are depicted by up(down) arrows, respectively. b:
Inverse subsceptibility χ−1 (red solid line) for a small cluster of a PFB2 configuration (as shown in the inset) obtained by full
exact diagonalization. The susceptibility shows a crossover between CW (dashed green) and superparamagnetic (dashed black)
behavior. In both parts, the blue dotted line shows the Curie law for independent spins, χ−1p ∝ T .
Fe ions30,31 forms locally fragments of AFeO3 structure,
where Fe spins form the simple cubic lattice. Thus, it can
lead only to G-type antiferromagnetic ordering within the
fragments, and produces a small or vanishing uncompen-
sated magnetic moment. It can not convincingly explain
the observation of room-temperature hysteresis loops.
A small canting of predominantly antiferromagnetic Fe
spins due to the antisymmetric Dzyaloshinskii-Moriya in-
teraction HˆDM = D · [S1 × S2] causes weak ferromag-
netism in ortoferrites RFeO3, R
3+ being Y or a rare
earth ion. It was suggested that the canting may cause
also the uncompensated magnetic moment in AFeO3
structure that is formed by the Fe ions clustering in
the double perovskites.25,32 But the moment seems to
be too small to explain the effect.33,34 In the ordered
state of RFeO3, the canting angle φ ∼ 10 mrad results
in the moment σ ∼ 0.05µB per Fe ion.35,36 But such
a moment was never observed in the antiferromagneti-
cally ordered state of PFN neither in magnetic18,20 nor
in neutron21–23 studies. A possible reason is that the
Dzyaloshinskii-Moriya vector for a Fe-O-Fe bond may
be written as33,34 D = d[r1 × r2], where d is a scalar
value, and ri is a unit vector in the direction from oxy-
gen to spin Si. Thus, its value depends on the Fe-O-Fe
bond angle D ∝ sin θ, which is substantially larger in
AFe1/2M1/2O3 (170
◦ < θ < 180◦)7,22 than in the ortho-
ferrites (140 < θ < 157)37.
In this paper, we quantitatively consider another
scenario for the room-temperature magnetism of bulk
PFT/PZT and PFN/PZT systems25–27 and superpara-
magnetism often observed in PFN nanoparticles or even
ceramics and thin films.29,38,39 We explain it by the
existence of regions with a special chemical order (a
sub-nano-size superstructure) that results in a ferrimag-
netic ordering of antiferromagnetically interacting Fe3+
S = 5/2 spins. This explanation was implicitly as-
sumed in Ref. 29, where the observed slightly asymmet-
ric EPR line shapes above room temperature were simu-
lated by a model involving the presence of thermally fluc-
tuating superparamagneticlike nanoclusters. Note that
our explanation does not demand the clusterization, as
the stoichiometry AFe1/2M1/2O3 is retained within the
2 × 2 × 2 supercell of the superstructure. Using the
high-temperature expansion (HTE),40,41 we show that a
macroscopic number of spins orders at about the room
temperature, whereas small clusters (studied by exact di-
agonalization method) exhibit a crossover between para-
magnetic and superparamagnetic behavior.
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FIG. 2. (Color online) (a,b) The fragments of PFB2 configu-
ration. (c) The model simulating two interacting clusters of
PFB2 configuration. The coupling strength J1(Jc) is denoted
by black solid (red dashed) lines. Arrows indicate spin-spin
correlations in the ground state of each cluster. (d) The tem-
perature dependence of the inverse susceptibility of all clusters
(full exact diagonalization data for S = 1/2). The vertical
line shows Tfe. At T . Tfe the susceptibility of the clusters
exceeds the susceptibility of independent spins (line p) down
to the lowest temperatures. The lines a and b correspond to
clusters with 7 spins a and 13 spins b respectively. The lines
c1 and c2 correspond to 14-spin cluster c with Jc = 0.25J1
and 0.5J1 respectively.
II. METHODS
We use the method and the program packages pre-
sented earlier in the Refs. 40, and 41 for the eighth-
and tenth-order high-temperature expansion (HTE) of
the magnetic susceptibility χ for a general Heisenberg
model with up to four different exchange parameters
J1, J2, J3, J4. The input for the HTE package is the defi-
nition file where all bonds within a cluster or a L×L×L
(L=16,20) super-cell of a periodic Heisenberg lattice are
enumerated with the indication of a corresponding value
of the exchange interaction. We use an originally devel-
oped C++ program, for the generation of the definition
files for spin structures studied in this work.
In order to simulate the behavior of fragments of PFB2
configuration in the Fe-based double perovskite mate-
rial, we have performed full exact diagonalization studies
(ED) of thermodynamic properties of clusters shown in
Fig. 1b, and in Fig. 2 using J. Schulenburg’s spinpack.
The susceptibility χ(T ) is calculated as the ratio of the
induced magnetization M to the field H. We use the
”vanishing” magnetic field H = 10−5J1/gµB unless oth-
erwise noted.
III. RESULT AND DISCUSSION
A. Ferrimagnetic superstructure
The simplest way to model the (partial) disorder in the
distribution of Fe and M ions between the sites of the
B-sublattice of the perovskite structure is to consider a
periodic lattice with a supercell containing several per-
ovskite cells and study such periodic systems with differ-
ent versions of chemical order (ion distributions). Such
an approach was suggested in Ref. 31 for a 2× 2× 2 su-
percell, where 6 configurations PFB0. . . PFB5 (see Fig. 3
of Ref. 31, and Fig. 2 of Ref. 8) of chemical ordering are
possible in the double perovskites. It was shown that the
total energy is substantially different for different config-
urations. Moreover, the hierarchy of the energies depends
on the type of M-ion. In Ref. 8, it was found that the
PFB2 configuration shown in the inset of Fig. 1a has an
energy close to the most stable configurations (PFB5 for
M=Nb,Ta and PFB0 for M=Sb), and has a ferrimag-
netic ground state (see Table II of Ref. 8). Below, we
consider the ferrimagnetism of PFB2 superstructure in
more detail.
The PFB2 chemical order has two inequivalent Fe
sites. Within the B-sublattice of the perovskite struc-
ture, Fe1 has six Fe2 NN ions, whereas three Fe2 sites
in the supercell has only two Fe1 NN ions (insets in Fig.
1a,b). In other words, Fe2 sites form a superstructure
of corner-shared octahedra, Fe1 sites being in the cen-
ter of each octahedron. The interaction value between
the two sublattices is J1, and within Fe2 sublattice is
J2  J1. Thus, the spin system satisfies the require-
ments of the Lieb-Mattis theorem42 with g2LM = J2/4
(see Eq.(2) of the Ref. 42). Moreover, it is close to the
special case g2LM = 0. According to the theorem (see
also the consideration of frustration J2 6= 0 in the Ref.
43), the PFB2 ground state corresponds to a ferrimag-
netic ordering of Fe spins with a magnetic moment of
2gµBS ≈ 10µB per supercell, or 2.5µB per Fe ion. This
moment value is much larger than the value provided by
Dzyaloshinskii-Moriya interaction for realistic values of
local lattice distortions.33,34,36
We use the [4,4] Pade´ approximant of the HTE se-
ries to analyse the susceptibilty data.40 For a magnetic
4superstructure with the PFB2 spin arrangement the tem-
perature dependence of the inverse susceptibility χ−1(T )
for S = 5/2 is shown in the Fig. 1a. Only NN interaction
J1 6= 0 was taken into account. A reasonable estimate
of the temperature for the transition into the ferrimag-
netically ordered phase Tfe is given by that point where
χ−1(Tfe) = 0. The precision of the determination of crit-
ical temperatures by the zero of χ−1 was estimated to be
about 10%.41 The values of Tfe for different spin values
are given in the Table I.
TABLE I. The ferrimagnetic transition temperature for
PFB2 configuration, obtained from the [4,4] Pade´ approxi-
mant of the 8th order HTE series.
Spin, S kBTfe/J1S(S + 1) kBTfe/J1
1/2 0.61 0.46
1 0.69 1.4
3/2 0.64 2.4
2 0.64 3.8
5/2 0.64 5.6
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FIG. 3. (Color online) The inverse susceptibility χ−1(T ) =
H/M for the cluster shown in the Fig. 2a and the field
H = 3J1/[(5S + 1)gµB ] for different spin values. For com-
parison, an S = 5/2 curve for a vanishing field, i.e. χ−1 ≈
(∂M/∂H)−1(H = 0), is given by the black solid line.
For Fe-based double perovskites Tfe is of the order
of the room temperature, as J1/kB ∼ 50 K. From
the graph shown in Fig. 1a we see that in the range
Tfe < T < T
∗ ≈ 0.92J1S(S + 1)/kB , the magnetic
susceptibility of the PFB2 phase exceeds the value for
independent spins, χ(T ) > χp(T ) = S(S + 1)/(3kBT ),
despite the antiferromagnetic character of the exchange
interaction, which suppress the magnetic response at high
FIG. 4. (Color online) Examples of ferrimagnetic superstruc-
tures that may be formed by magnetic impurities (arrows)
substituting for cations (blue circles) in zinc blend (left) and
wurtzit (right) lattices.
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FIG. 5. Main panel: The inverse magnetic susceptibility (per
spin) χ−1 (red solid line - [4,4] Pade´ approximant of the 8th
order HTE series) for the ideal 1:1 chemical order (PFB0,
shown in the insert). It shows a minimum at T ∼ TI idicated
by the arrow. The Curie-Weiss asymptotic is shown by the
green dotted line. Black dotted line shows the bare HTE se-
ries. Inset: The super-cell for the PFB0, only M5+ (closed
circles) and Fe3+ ions (open circles) are shown. Arrows indi-
cate the distribution of spins in the I-type ordering.
temperatures T  J1. For comparison, the black thin
solid line shows the susceptibility χfcc(T ) of 1:1 ordered
PFB0 configuration, where Fe spins form a face centered
cubic lattice, and interact with J2 = 0.05J1. We see that
χfcc(T ) < χp(T ) at all temperatures (see Appendix A).
B. Superparamagnetism
A sample of a disordered double perovskite compound
may contain some regions with PFB2 chemical order. In
the ground state, such a region possesses the total spin
Sg = (N2−N1)S, where N1, N2 are the numbers of Fe1,
and Fe2 sites in that region.42 In order to simulate the be-
havior of fragments of PFB2 configuration in a Fe-based
double perovskite material, we show in Figs. 1b, 2 full
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FIG. 6. Temperature dependence of inverse magnetic suscep-
tibility per spin for PFB2 chemical order for systems with
different spin values S. [4,4] Pade´ approximant of the 8th
order HTE series are shown for S > 0.5, and [4,6] Pade´ ap-
proximant of the 10th order HTE series for S = 0.5
exact-diagonalization data of thermodynamic properties
of clusters shown in Figs. 1b and 2(a-c). Since we have
found that the dependence of the inverse susceptibility as
a function of normalized temperature kBT/J1S(S+1) on
the spin value S is weak (see Appendix A), the ED data
for the simplest S = 1/2 case can be considered as repre-
santative for higher values of S. The 7-site cluster shown
in the Fig. 2a contains one Fe1 site interacting with six
Fe2 sites via J1 exchange. This is a particular case of the
Heisenberg star model.44,45 For T  J1S(S + 1)/kB the
susceptibility per spin tends to the Curie-Weiss asymp-
totic χCW = χp/[1+4S(S+1)J1/7kBT ]. In the opposite
limit, the system shows a super-paramagnetic behavior,46
i.e. it behaves as a single super-spin Sg = 5S, and the
susceptibility is χSPM = Sg(Sg+1)χp/[(N2+N1)S(S+1)]
(see Fig. 1b). At temperatures T ∼ Tfe the system ex-
hibits a crossover between the two regimes. The suscep-
tibility exceeds the independent-spin value for T < T ∗1 ≈
0.74J1S(S + 1)/kB . Similar results for a 13-site cluster
(Fig. 2b) are shown in Fig. 2d (see also Fig. 8 in the
Appendix).
In a real sample, an interaction between the regions of
PFB2 configurations always exists. When the tempera-
ture becomes sufficiently low, the thermal and interac-
tion energies become comparable, and a collective state
of super-spins is formed. The behavior of two interact-
ing PFB2 clusters (Fig. 2c) is shown in Fig. 2d (lines
c1 and c2). For temperatures T  Jc the susceptibility
behaves similar to the non-interacting case. In partic-
ular, it exceeds the susceptibility of independent spins
χ(T ) > χp(T ) at T . Tfe and tends to the superpara-
magnetic behavior down to low temperature, where it
exhibits a maximum (minimum at χ−1(T ) curve). Below
the maximum, a singlet ground state of two interact-
ing super-spins is formed. In reality, for large number
of interacting clusters the disorder in the system favors
a super-spin glass formation18,23,46 at temperatures gov-
erned by the low energy scale T < S(S + 1)J2/kB .
A characteristic feature of large spin formation in a sys-
tem is a non-linearity of its magnetization curve M(H),
which results in the dependence of the susceptibility
χ = M/H on the field value. The Fig. 3 shows the
χ−1(T ) for the 7-site cluster and a finite value of the
magnetic field. The susceptibility substantially deviates
from the ”theoretical” value χth = ∂M/∂H(H = 0) at
low temperatures, and it does not diverge at T → 0.
Note that we have considered here only isotropic Heisen-
berg interactions. The magnetic anisotropy, which is al-
ways present in real compounds20 would transform the
non-linear magnetization curves into narrow hysteresis
loops.46
The model of ferrimagnetism considered here can also
be applied to PFN and PFT diluted by non-magnetic
Ti and Zr ions.25–28 As it was mentioned above, these
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systems show a sizable magnetic moment at room tem-
perature in spite that the concentration of Fe ions was
decreased up to 10%. From a general point of view, the
magnetic dilution will lead to the breaking of the infinite
magnetic percolation clusters responsible for the long-
range antiferromagnetic order as it was pointed out in
Ref. 20. In a small magnetic cluster the probability of
creation of a ferrimagnetic configuration of spins should
be enhanced due to the limited number of interacting
spins. Moreover, the ferrimagnetic ordering can be real-
ized on the edge of the (semi-)infinite antiferromagnetic
cluster which size is of order of a few nanometers only be-
cause it is controlled by local fluctuations of the 1:1 com-
position between magnetic Fe and non-magnetic ions.18
Obviously, the ”edge” effect becomes substantial with Ti
and Zr doping.
A large room-temperature magnetic response is re-
ported in many wide-gap diluted magnetic semiconduc-
tors, such as GaN, ZnO, and TiO2 isovalently doped by
transition metals,47–49 ”in which no ferromagnetism was
expected at any temperature”.47 We think that a solu-
tion of this puzzle may be a formation of ferrimagnetic
superstructure clusters similar to that we have considered
here. Fig. 4 shows two examples of a planar ferrimagnetic
arrangement that may be formed by magnetic impuri-
ties substituting for cations in zinc blend and wurtzit
semiconductors. We see that these arrangements may
form infinite two-dimensional sublattices, they also may
be transformed into tree-dimensional superstructures if
they will be connected by bridging spins having antifer-
romagnetic interactions with both planes, the planes then
will be ordered parallel.
IV. CONCLUSIONS.
In summary, we have studied an example of a system
of antiferromagnetically interacting equal spins relevant
for Fe-based double perovskite compounds, and having
a ferrimagnetic ground state. We have estimated the
transition temperature Tfe for a macroscopic system,
and have argued that it can be close to room temper-
ature. Such kind of ferrimagnetism may be the origin
of the room-temperature magnetism of PFT/PZT and
PFN/PZT systems. For small clusters of the same struc-
ture we have shown that their magnetic susceptibility
exceeds the susceptibility of independent spins at tem-
peratures T . Tfe. This gives a possible microscopic
explanation for the still puzzling monotonous increase of
the magnetic susceptibility with decreasing temperature
below Ne´el temperature, which is observed practically in
all Fe-based double perovskites. The ferrimagnetism of
this kind may be responsible also for numerous observa-
tions of an unexpected large room-temperature magnetic
response in 3d-metal based oxides.
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Appendix A: Details of numerical calculations
In the ideal 1:1 chemical order, Fe3+ and the non-
magnetic M5+ ions alternate in the B position of the
perovskite lattice ABO3. In this configuration (called
PFB0 in Ref. 31), magnetic Fe3+ ions form regular face
centered cubic sublattice with antiferromagnetic inter-
action J2 between nearest spins in the sublattice. The
HTE results for the PFB0 lattice are shown in the Fig. 5.
For such a lattice, a transition into so called I-type an-
tiferromagnetic order (see insert of Fig. 5) occurs at
TI ≈ −ΘCW,0/5.76 ≈ 0.69S(S + 1)J2/kB50, ΘCW,0 =
−4S(S + 1)J2/kB being the paramagnetic Curie-Weiss
temperature. Note that the whole curve χ−1(T ) lies
above the Curie-Weiss asymptotic (CW). This is a ”nor-
mal” behavior when the antiferromagnetic interactions
suppress the magnetic response of a spin system.
For the PFB2 spin arrangement, the temperature de-
pendence of the susceptibility for different spin values is
shown in Fig. 6. For S = 1/2-plot the tenth-order HTE41
was used. A reasonable estimate of the temperature for
the transition into the ferrimagnetically ordered phase
Tfe is given by that point where χ
−1(Tfe) = 0. The val-
ues of Tfe for different spins are given in the Table I of
the main text.
7Fig. 7 shows that the dependence of the magnetic sus-
ceptibility on the spin value is very weak if we plot χ−1
as the function of kBT/JS(S+ 1). Thus, for the clusters
shown in Figs. 2b,c we may consider the simple S = 1/2
case to be representative for the other spin values, too.
The behavior of a larger cluster of the PFB2 config-
uration shown in Fig. 2b is qualitatively similar to the
previous cluster (see Fig. 8). But now at low tempera-
tures it behaves like a larger single spin Sg = 9S.
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